This paper focuses on the conductivity and transport properties of chitosan-based solid biopolymer electrolytes containing ammonium thiocyanate (NH 4 SCN). The sample containing 40 wt% NH 4 SCN exhibited the highest conductivity value of (1.81 ± 0.50) × 10 −4 S cm −1 at room temperature. Conductivity has increased to (1.51 ± 0.12) × 10 −3 S cm −1 with the addition of 25 wt% glycerol. The temperature dependence of conductivity for both salted and plasticized systems obeyed the Arrhenius rule. The activation energy (E a ) was calculated for both systems and it is found that the sample with 40 wt% NH 4 SCN in the salted system obtained an E a value of 0.148 eV and that for the sample containing 25 wt% glycerol in the plasticized system is 0.139 eV. From the Fourier transform infrared studies, carboxamide and amine bands shifted to lower wavenumbers, indicating that chitosan has interacted with NH 4 SCN salt. Changes in the C-O stretching vibration band intensity are observed at 1067 cm −1 with the addition of glycerol. The Rice and Roth model was used to explain the transport properties of the salted and plasticized systems.
Introduction
Green materials have attracted worldwide attention for their potential to reduce the impact of hazardous products [1] . Natural biopolymers are good candidates as electrolyte hosts for long-term use due to their biodegradable properties. Natural biopolymers have a minimal impact on the environment, are relatively low cost, are high in solubility and are able to form a mechanically stable film [2, 3] . One of the promising natural biopolymers is chitosan. Chitosan is derived from chitin [4] . Chitosan has been used as a food packaging material [5] , dietary fiber [6] and potential medicine against hypertension [7] . Chitosan-based polymer electrolytes have been reported to have potential application in electrochemical devices such as proton batteries, lithium batteries and electrochemical double-layer capacitors [8] [9] [10] . To serve as a good electrolyte, conductivity is the main property that needs to be given attention. Plasticization is an approach to enhance the conductivity of the electrolyte [11, 12] . The conductivity of the order of 10 −7 S cm −1 of chitosan-lithium acetate (LiOAc) electrolyte has increased to 5.5 × 10 −6 S cm
when plasticized with palmitic acid [13, 14] . The addition of ethylene carbonate (EC) to chitosan-ammonium iodide (NH 4 I) has increased the conductivity from 3.7 × 10 −7 to 7.6 × 10 −6 S cm −1 [15] . In the present study, chitosan was doped with NH 4 SCN and plasticized with glycerol.
Experiment
For the preparation of the salted system, different concentrations of NH 4 SCN (SYSTERM) were added to the solution containing 1 g of chitosan (viscosity: 800-2000 cP, 1 wt% in 1% acetic acid (25 • C), Sigma-Aldrich) in 100 ml of 1% acetic acid (SYSTERM). All solutions were stirred until complete dissolution. For plasticized system preparation, different amounts of glycerol (SYSTERM) Figure 2 . Variation of the conductivity as a function of temperature of (a) the salted system and (b) the plasticized system.
were added to the highest conducting salted electrolyte solution. All homogeneous solutions were cast on plastic Petri dishes and left to dry at room temperature. The dry films were kept in a desiccator filled with silica gel desiccants for further drying. To study the complexation between the electrolyte components, Fourier transform infrared (FTIR) spectroscopy was performed using a Spotlight 400 Perkin-Elmer spectrometer in the wavenumber range of 450-4000 cm −1 . The conductivity of the electrolyte was calculated using
where d is the thickness of the electrolyte, R b is the bulk resistance and A is the electrode-electrolyte contact area. The value of R b is determined from the Cole-Cole plots obtained from impedance measurements of the samples, which were conducted using a HIOKI 3532-50 LCR HiTESTER from 298 to 343 K in the frequency range of 50 Hz-5 MHz. The electrolytes were sandwiched between two stainless steel electrodes of a conductivity holder to carry out the impedance measurement.
Results and discussion
Figure 1(a) shows the variation of room-temperature conductivity as a function of the NH 4 SCN content. The conductivity of the electrolyte increases with increasing the amount of NH 4 SCN and reaches a maximum value of (1.81 ± 0.50) × 10 −4 S cm −1 with the addition of 40 wt% NH 4 SCN. The increase in conductivity value can be attributed to the increase in the number of free-mobile ions due to the fact that the dissociation of NH 4 SCN to NH + 4 and SCN − ions occurs frequently [16] . The addition of more than 40 wt% NH 4 SCN has decreased the conductivity to (1.13 ± 0.21) × 10 −4 S cm −1 . As more salt is added to the polymer host (chitosan), the NH + 4 and SCN − ions will become closer to each other that led to the possibility for the ions to recombine to become neutral ion pairs. Neutral ion pair formation will reduce the number of free-mobile ions, leading to a decrease in conductivity. The highest conductivity value obtained in this work is almost similar to that reported by Aziz et al [17] , where they obtained a conductivity of 1.29 × 10 −4 S cm −1 for 60 wt% chitosan-40 wt% NH 4 SCN. The authors enhanced the conductivity by adding a ceramic filler to the electrolytes. In the present study, plasticization technique was employed to enhance the conductivity. To study the effect of plasticization, different amounts of glycerol were added to 60 wt% chitosan-40 wt% NH 4 SCN electrolyte. The effect of glycerol content on conductivity at room temperature is depicted in figure 1(b). Conductivity is optimized at (1.51 ± 0.12) × 10 −3 S cm −1 with the addition of 25 wt% glycerol. The plasticizer with a high dielectric constant had weakened Table 2 . Transport parameters for the chitosan-NH 4 SCN-glycerol system at room temperature. also soften the polymer backbone, enabling the coordinated sites to become closer to each other. Hence, the ions required less energy to hop over the next site. In the present study, a decrease in conductivity is observed with the addition of more than 25 wt% glycerol as a result of ion association [18] . The conductivity at elevated temperatures is shown in figure 2 . The increasing temperature is observed to assist the conductivity increment as the polymer membrane expands, producing more free volume [19] Log f (Hz) Figure 5 . Frequency dependence of ε r for the highest conducting sample in (a) the salted system and (b) the plasticized system from 298 to 343 K. and polymer segmental mobility, which leads to an increase in conductivity [20] . The linear conductivity-temperature relationship confirmed that both salted and plasticized systems are Arrhenian and the conductivity can be expressed as
where σ o is the pre-exponential factor, E a is the activation energy and k is the Boltzmann constant. The Arrhenian conductivity-temperature relationship has been observed for the systems of chitosan-NH 4 I [15] , chitosan-NH 4 NO 3 [21] and chitosan-NH 4 CF 3 SO 3 [22] . The E a values were obtained from the slope of the graphs in figure 2 and are listed in table 1 for a salted system and in table 2 for a plasticized system. The highest conducting sample in a salted system possessed an E a value of 0.148 eV, while the E a value for the highest conducting sample in a plasticized system is 0.139 eV. It can be concluded that a higher conducting electrolyte required a lower amount of E a . Such a behaviour is a characteristic feature of the Grotthus mechanism [23] . According to Hashmi et al [24] , the charge carrier in the poly(ethylene oxide)-ammonium perchlorate (NH 4 ClO 4 ) system is the H + ion. Following the authors [24] , based on the present work, NH ion from a neighboring site. This kind of conduction, which is through proton exchange between the complexed sites, is known as the Grotthus mechanism. Therefore, the ionic transport in both salted and plasticized systems in the present study is best explained by the Grotthus mechanism. Majid and Arof [25] have also inferred that the ionic conduction in the chitosan-NH 4 NO 3 sample is via the Grotthus mechanism. The carboxamide and amine bands in the spectrum of pure chitosan film are located at 1640 and 1549 cm −1 , respectively as shown in figure 3(i). As 5 wt% NH 4 SCN was added to the film, the carboxamide and amine bands are shifted to lower wavenumbers of 1635 and 1547 cm −1 , respectively. The increasing NH 4 SCN content had shifted both bands to even lower wavenumbers. With the addition of 40 wt% NH 4 SCN the carboxamide and amine bands further shifted to 1616 and 1511 cm −1 , respectively, as depicted in figure 3(ix) . In the spectrum of 45 wt% NH 4 SCN in figure 3(x), both carboxamide and amine bands are shifted back to higher wavenumbers of 1618 and 1514 cm −1 , respectively. The shifting to higher wavenumbers suggested that the ions had reassociated back to form neutral ion pairs, which leads to the conductivity decrement. Figure 4 shows the FTIR spectra for the selected samples in a plasticized system in the 1040-1090 cm −1 range. In the spectrum of 0 wt% glycerol added electrolyte, the band due to C-O stretching vibration appeared at 1067 cm −1 . With the addition of glycerol, the intensity of this band decreases, although its position remains unchanged. Figure 5 shows the plots of the dielectric constant ε r against log f for the highest conducting sample in both salted and plasticized systems at various temperatures. The value of ε r is calculated using
where Z r and Z i are the real and imaginary parts of impedance, ω is the angular frequency and C o is the vacuum capacitance. No relaxation peaks from the plots were observed, indicating that the increase in conductivity is mainly attributed to the increase in the number density of mobile ions [25] . It can be observed that at each temperature, the value of ε r for the plasticized sample is higher than that of the salted sample. The addition of glycerol increases the degree of salt dissociation. Thus, the ionic mobility is increased by reducing the potential barrier to ionic motion, resulting in the decrease of anion-cation coordination of the salt [12] . As the temperature increases, the value of ε r also increases. This is due to the higher charge carrier density at higher temperature. The increasing temperature increases the degree of dissociation and redissociation of ion aggregates, which increases the number of free ions, leading to an increase in conductivity at higher temperatures [26] . The high value of ε r at the low frequency region is due to the dielectric polarization, confirming non-Debye dependence [27, 28] .
As the frequency increases, the ε r value decreases and levels off at the high frequency region. This is because as the frequency increases, the direction of the electric field changes at a faster rate, causing the majority of the ions to remain at the bulk of the sample, which do not contribute to the electrode polarization and reducing the ε r value [15] .
To obtain the transport parameters in this study, the Rice and Roth model [29] was employed. This model expressed the conductivity as
where Z is the valency of conducting species, e is the charge of the electron, m is the mass of charge carriers, τ is the time to travel between sites and n is the number density of ions. τ is calculated using
where l is the distance between complexation sites and v is the velocity of the ion during the migration process. In the present work, l = 10 −9 m, which is the distance between two adjacent chitosan monomers [30] . The value of v is calculated using
Using the value of n, the ionic mobility µ can be obtained from µ = σ ne .
The values of the calculated σ and µ for the salted system and the plasticized system are listed in tables 1 and 2. It is observed that the increase in conductivity is affected by the increase in number density of ions. The presence of glycerol in the salted system produced more mobile ions and lowered the viscosity of the electrolyte that led to an increase in ionic mobility [31] .
Conclusion
The incorporation of 40 wt% NH 4 SCN into the pure chitosan film has increased the conductivity value to (1.81 ± 0.50) × 10 −4 S cm −1 . The conductivity was enhanced to (1.51 ± 0.12) × 10 −3 S cm −1 with the addition of 25 wt% glycerol. The conductivity at elevated temperature is thermally assisted proving that both salted and plasticized systems are Arrhenian. The complexation of the ions and chitosan had occurred and was proven by the observation of carboxamide and amine band shifting. Dielectric studies confirmed that electrolyte systems in this study obeyed a non-Debye behaviour. The evaluation of transport parameters shows that the increase in conductivity is attributed to the increase in number density of mobile ions and ionic mobility of the ions.
